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Abstract

To understand the weaker geomagnetic activity in Solar Cycle 24, we present comparisons
of interplanetary coronal mass ejections (ICMEs) fittings and in situ observation parameters
in Solar Cycles 23 and 24. According to their in situ features, [CMEs are separated into two
categories: isolated ICMEs (I-ICMEs) and multiple ICMEs (M-ICMEs). The number of I-
ICME:s in Solar Cycles 23 and 24 does not show a strong difference, while the number of
M-ICME:s, which have a high probability of causing intense geomagnetic storms, declines
proportionally to the sunspot number in Solar Cycle 24. Despite no obvious variation in their
distribution, the geoeffective ICMEs in Solar Cycle 23 have a larger average total magnetic
field strength and a larger southern magnetic field than those of Solar Cycle 24. Since the
average solar wind velocities of the two solar cycles differ, the geoeffective ICMEs in Solar
Cycle 23 have a higher velocity and distinct speed distributions from those in Solar Cycle
24. The total magnetic flux and radius of [-ICMEs in Solar Cycle 23 are larger than those
in Solar Cycle 24, while the axial magnetic field intensity is basically the same. We propose
that geomagnetic activity in Solar Cycle 24 is lower than that of Solar Cycle 23, due to
the smaller M-ICME number, the slower ICME speed, and absence of ICME events with
significant southward magnetic field.
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1. Introduction

Coronal mass ejections (CMEs) are large amounts of magnetized plasma that the Sun ejects
into the interplanetary space (Aulanier, 2010; Gulisano et al., 2012; Mierla et al., 2010;
Vourlidas, 2014; Zhang et al., 2021). Their interplanetary counterparts are usually referred to
as the interplanetary coronal mass ejections (ICMEs) (Fadaaq and Badruddin, 2021; Musta-
jab and Badruddin, 2011; Plunkett et al., 2001; Richardson and Cane, 2012; Russell, Shinde,
and Jian, 2005; Zhang et al., 2021; Chi et al., 2016). ICMEs may have a southward com-
ponent of the interplanetary magnetic field, so they are generally considered to be the main
interplanetary structures that may cause geomagnetic storms (Echer et al., 2008; Gonza-
lez et al., 1994, 2007, 2011; Wang et al., 2002; Xue et al., 2005; Zhang et al., 2003). The
maximum value of the southward magnetic field is an important factor determining the geo-
effectiveness of ICMESs (Echer et al., 2008; Shen et al., 2017; Gonzalez et al., 2011). The
interaction between two CMEs, as well as the interaction between an ICME and a shock
wave, can affect the strength of the southward magnetic field carried by the combined ICME
(Shen et al., 2017; Xu et al., 2019; Lugaz et al., 2017; Lugaz, Manchester, and Gombosi,
2005), usually (although not always) enhancing the southward magnetic field. There is a
special class of ICMEs called magnetic clouds. The observed characteristics of magnetic
clouds are the enhancement of the magnetic field intensity, a large and smooth rotation of
the magnetic field direction, and a low plasma B value (Burlaga et al., 1981; Klein and
Burlaga, 1982). It is usually considered as a kind of annular magnetic flux rope with the
two ends sometimes connected to the Sun (Burlaga et al., 1981; Janvier, Démoulin, and
Dasso, 2013; Larson et al., 1997). The fitted models of ICMEs include cylindrical symmet-
ric force-free flux rope models (Burlaga, 1988; Goldstein, 1983; Kumar and Rust, 1996;
Lepping, Jones, and Burlaga, 1990; Marubashi, 1986; Wang et al., 2015), cylindrical asym-
metric (non-) force-free flux rope models (Cid et al., 2002; Hidalgo, Nieves-Chinchilla, and
Cid, 2002; Hidalgo et al., 2002; Hu and Sonnerup, 2002; Mulligan and Russell, 2001; Van-
das and Romashets, 2003), and toroidal flux rope models (Hidalgo and Nieves-Chinchilla,
2012; Marubashi and Lepping, 2007; Romashets and Vandas, 2003). In this article, we use
the velocity-modified cylindrical force-free flux rope model proposed by Wang et al. (2015).
It was developed from the cylindrical symmetric force-free flux rope model, but considers
the linear propagation, expansion, and polar motion of the plasma.

With the coming of the space era, people have paid increasing attention to space weather
events, so geomagnetic storms have been widely studied (Echer et al., 2008; Echer, Tsu-
rutani, and Gonzalez, 2013; Qiu et al., 2022; Yermolaev et al., 2021; Zhang et al., 2007;
Shen et al., 2017). Solar Cycle 23 (1996-2008) produced 303 geomagnetic storms, includ-
ing 213 moderate geomagnetic storms (—100 nT < Dstyi, < —50 nT), 72 strong geomag-
netic storms (—200 nT < Dsty,;, < —100 nT), and 18 extremely strong geomagnetic storms
(Dstyin < —200 nT) (Echer et al., 2008; Echer, Tsurutani, and Gonzalez, 2013). However,
in Solar Cycle 24 (2009-2019), there were only 149 geomagnetic storms, including 127
moderate geomagnetic storms, 20 strong geomagnetic storms, and 2 extremely strong geo-
magnetic storms (Qiu et al., 2022). Solar Cycle 24 is the weakest one during the space age
until now (Hajra et al., 2021; Zhang et al., 2021), geomagnetic storms are weaker and fewer
than in Solar Cycle 23. Many researchers are interested in the reason for the difference in
geomagnetic storms between these two solar cycles (Gopalswamy et al., 2014, 2015b; Hajra
et al., 2021; Rawat, Echer, and Gonzalez, 2018). The goal of this research is to compare the
interplanetary coronal mass ejections fitting parameters and observational data characteris-
tics in Solar Cycles 23 and 24 to figure out why the geomagnetic storms during Solar Cycle
24 are so weak and rare.
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The layout of the article is as follows, Section 2 introduces the data used in this study
and the classification criteria of ICMEs. Section 3 contains the comparison of magnetic field
and solar wind data between Solar Cycles 23 and 24. A summary of our main results and a
discussion are presented in Section 4.

2. Data and Methods

We identified ICMEs based on local data of plasma and magnetic field. We have adopted
the criteria of Shen et al. (2014, 2017) and Chi et al. (2016), as follows: i) enhanced mag-
netic field intensity, ii) steady change of the magnetic field direction, iii) decreased solar
wind velocity, iv) lower proton temperature relative to background solar wind, and v) lower
plasma B value relative to the background solar wind. If a structure meets three or more of
these criteria, it is identified as an ICME. The list of interplanetary coronal mass ejections
in Solar Cycles 23 and 24 in this study is from http://space.ustc.edu.cn/dreams/wind_icmes/
index.php (Chi et al., 2016), interplanetary magnetic field and solar wind data are from
Wind and the Advanced Composition Explorer (ACE) satellites (https://cdaweb.gsfc.nasa.
gov/istp_public/). The sunspot number data version 2.0 are from the World Data Center-
Sunspot Index and Long-term Solar Observations (WDC-SILSO), Royal Observatory of
Belgium, Brussels (https://wwwbis.sidc.be/silso/datafiles). The simulation of the velocity-
modified cylindrically symmetric force-free flux rope model can be obtained from http://
space.ustc.edu.cn/dreams/mc_fitting/ (Wang et al., 2015).

During the propagation of ICMEs from the Sun to Earth, they may interact with each
other. Therefore, in situ observations of ICMEs always show different characteristics. In
this study, we used the classification criteria of Shen et al. (2017) to divide ICME:s into two
categories: multiple ICMEs (M-ICMEs) and isolated ICMEs (I-ICMEzs).

1. The classification criteria for multiple ICMEs are as follows. i) The interval between
ICMEs is less than 6 hours, in which case we believe that these ICMEs may have in-
teractions, as shown in Figure 1. ii) The shock wave driven by the following ICME
propagated into the ejecta region of the preceding ICME, in this case, we believe that the
preceding ICME interacted with the shock (Shen et al., 2018; Xu et al., 2019). There is a
situation in which a shock is observed, but the ICME causing this shock is not observed,
as shown in Figure 2. This is because the width of the shock wave is wider than the
width of the ICME or the ICME is deflected during propagation. iii) An ICME has been
studied by other researchers and is believed to be formed by two magnetic clouds (Dasso
et al., 2009) or to be part of the merged interction region (Burlaga et al., 2003; Chi et al.,
2021). There are 71 groups of M-ICMEs (148 M-ICMESs), of which 52 groups (109 M-
ICME:s) happened in Solar Cycle 23 and 19 groups (39 M-ICME:s) in Solar Cycle 24.

Figure 1 shows a typical group of M-ICMEs events (interaction between ICME and
ICME): the 1 — 2 February 2003 event and the 2 — 3 February 2003 event. The first
shaded area in Figure 1 is the body area of the first ICME, which began at 18:49 UT on
1 February 2003 and ended at 13:07 UT on 2 February 2003. About 3 hours later, the
second ICME was observed by the Wind satellite. This ICME began at 16:16 UT on 2
February 2003 and ended at 07:27 UT on 3 February 2003. Between the two ICMEs, the
in situ data show the characteristics of the interaction region: the magnetic field inten-
sity is low, the proton number density increases, and the proton temperature increases
(Wang, Ye, and Wang, 2003; Wang et al., 2005). The group of M-ICMEs events caused
a moderate geomagnetic storm with Dsty;, = —72 nT.
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Data from Wind in the GSE
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Figure 1 An example of a group of M-ICMEs (interaction between ICME and ICME): the 1 — 2 February
2003 event and the 2 — 3 February 2003 event. From top to bottom, panels are the magnetic field strength
(< |B| >), z-component of the magnetic field in the GSE coordinate system (B;), the elevation (6) and
azimuthal (¢) angles of the magnetic field direction in the GSE coordinate system, solar wind speed (Vy,),
proton density (Np), proton temperature (), the ratio of proton thermal pressure to magnetic pressure (),
and the Dst index. The shaded area represents the body of the ICMEs. The red vertical line shows the time
of the shock driven by the first ICME.
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Data from Wind in the GSE
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Figure 2 An example of the M-ICMEs (ICME interacts with shock): the 6 August 1998 event. From top
to bottom, panels are the magnetic field strength (< |B| >), z-component of the magnetic field in the GSE
coordinate system (B;), the elevation (9) and azimuthal (¢) angles of the magnetic field direction in the GSE
coordinate system, solar wind speed (Vs ), proton density (N ), proton temperature (7)), the ratio of proton
thermal pressure to magnetic pressure (8p), and the Dst index. The shaded area represents the body of the
ICMEs. The red vertical line shows the time of the shock driven by the ICME.
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Figure 2 shows a typical M-ICME event (ICME interacts with shock): the 6 August
1998 event. It began at 01:38 UT on 6 August 1998 and ended at 12:25 UT on the same
day. While the ICME was passing through the Wind satellite, a shock wave reached
at 07:17 UT on 6 August 1998 (as shown by the red vertical solid line). This shock
compressed the ICME and significantly increased its magnetic field strength, solar wind
speed, proton number density, and proton temperature. This ICME is associated with
a strong geomagnetic storm. The peak of the Dst index of this geomagnetic storm is
—138 nT.

2. An isolated ICME is one that is not affected by other CMEs. It is the simplest ICME
structure. There are 285 I-ICMEs, including 144 in Solar Cycle 23 and 141 in Solar
Cycle 24. Figure 3 shows an example of a typical [-ICME event: the 28 — 29 Octo-
ber 2000 event. From 22:23 UT on 28 October 2000 to 23:21 UT on 29 October 2000
(gray shade), in situ observations showed enhanced magnetic field strength, smooth ro-
tation of the magnetic field direction, decreased speed, low proton temperature, and low
plasma beta. This ICME fulfills all our ICME criteria (i, ii, iii, iv, and v). Approximately
11 hours before the ICME start time, a shock wave driven by this ICME (red vertical
solid line in Figure 3) was detected. This ICME is an interplanetary source of a strong
geomagnetic storm.

There are ICMEs that are classified neither as I-[ICMEs nor as M-ICMEs because they are
controversial. If analyzed using only data from one satellite, they may be I-ICME:s, but if
analyzed using multi-satellite data, they may be M-ICMEs (Shen et al., 2021; Lugaz et al.,
2017; Chi et al., 2018). These are ICMEs lasting more than 30 hours and fast ejectas (non-
magnetic clouds with a duration of more than 24 hours and a maximum speed of more than
600 km s~'), we do not consider these ICMEs in the comparison discussed below. Then,
we used the velocity-modified cylindrical force-free flux rope model to fit the [-ICMEs. We
used the parameters of closest approach distance (d) and normalized root mean square (xy)
to judge the fitting quality. Table 1 presents the specific meanings of the parameters. Finally,
according to Lepping et al. (2006) and Wang et al. (2015), we only retain |d| < 0.97 and
xn < 0.5 fitting events, only 207 I-ICMEs, including 104 events in Solar Cycle 23 and 103
events in Solar Cycle 24.

We used the Kolmogorov—Smirnov test (KS test) to compare the ICME parameters in So-
lar Cycles 23 and 24. The KS test is a non-parametric test method, in which the distribution
function of the data set to be tested does not need to be known. It was used to test data sets
of physical parameters of magnetic clouds and the surrounding heliosphere (Gopalswamy
et al., 2015a), as well as CME angular width and speed data sets (Gopalswamy et al., 2014).
The two-sample KS test is to see if two independent samples come from the same distri-
bution. The statistic of the two-sample KS test is: D,y; nyy = SUPx|F23 3 (X) — Fog 5y, (X)]
or Dyyynyy = Supx|F2'4,n24 x) — F2/3,n23 (x)|. D is the maximum deviation of the empirical
cumulative distribution function between the two samples. F is an empirical cumulative
distribution function (CDF), which represents the probability that a random variable X is
less than or equal to x (Fx(x) = P(X < x)). F’ is an empirical complementary cumulative
distribution function (CCDF), which represents the probability that a random variable X
is greater than x (Fy(x) = P(X > x), Fy =1 — Fx). n is the sample size and sup is an
upper bound function. The KS test generally has two hypotheses, the null hypothesis and
the alternative hypothesis. The null hypothesis assumes that the two samples come from the
same distribution, and the alternative hypothesis assumes that the two samples come from

different distributions. If D, n,, > Derita = \/—ln(%) X % X \/”23“‘24 , then the null hy-

n3Xnn4

pothesis is rejected at « level, where « is the significance level. When « is given, the larger
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Data from Wind in the GSE
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Figure3 An example of the I-ICMEs: the 28 — 29 October 2000. From top to bottom, panels are the magnetic
field strength (< |B| >), z-component of the magnetic field in the GSE coordinate system (B;), the elevation
(0) and azimuthal (¢) angles of the magnetic field direction in the GSE coordinate system, solar wind speed
(Vsw), proton density (N ), proton temperature (7)), the ratio of proton thermal pressure to magnetic pres-
sure (Bp), and Dst index. The shaded area represents the body of the ICMEs. The red vertical line shows the
time of the shock driven by the ICME.
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Table 1 Parameters of the velocity-modified cylindrical force-free flux rope model.

Parameter Explanation

te The time when the satellite arrived at the closest approach.

By The magnetic field intensity at the flux rope axis at the time of ..

R The radius of the cross section of the flux rope at the time of ..

(o The total magnetic flux of the flux rope.

d The closest approach distance of the observational path to the axis of the flux rope.
Xn The normalized root mean square of the difference between the modeled results

and observations.

the sample size, the more sensitive the minimum bound. D,,, »,, > Deis,« i equivalent to

P <o, with P = 2e72(D”23‘”24)2%. In the KS test, the absolute size of the P value is not
worth noting, but rather its relative size. In this article, we took the « = 0.10 level, that is,
if the P-value is greater than 0.10, we consider the distribution of the two samples not to be
different. If there is no difference in the distribution of two independent samples, the two
distribution curves (CDF or CCDF) match perfectly in the best case.

3. Results and Analysis
3.1. ICMEs and Sunspot Number

Previous research has found a strong association between the number of sunspots and CMEs
(Gopalswamy et al., 2010; Webb and Howard, 1994). ICMEs are the interplanetary coun-
terparts of CMEs, which should also have a good correlation with the sunspot number. The
distribution of the annual sunspot number and annual ICME number from 1996 to 2019
is shown in Figure 4. As shown in panel a in Figure 4, although there is a difference in
peak time, the distribution of ICMEs and sunspot number are extremely similar with one
another. The correlation coefficient between ICME number and sunspot number is r = 0.81,
which explains why there are more ICMEs in Solar Cycle 23 than in Solar Cycle 24. We
also discussed the relationship between M-ICMEs and I-ICMEs and sunspot number. We
found that M-ICMEs are mainly present during the solar maximum period, 47.7% during
Solar Cycle 23 and 48.7% during Solar Cycle 24. Not surprisingly, there is a good cor-
relation (r = 0.81) between the M-ICMEs and the sunspot number, as shown in panel b.
In panel c, we found that in general, the correlation between the [-ICMEs and the sunspot
number is weak (r = 0.46), but when the sunspot number is less than 90, the correlation
between the I-ICMEs and the sunspot number is strong (r = 0.86). We believe this is be-
cause, as the sunspot number increases, the frequency of CME eruptions reaches a high
level and the time interval between eruptions becomes smaller and smaller, so the probabil-
ity of isolated CMEs actually decreases, as shown in Figure 5. We also classified ICMEs
according to the B, -profiles or 6p-profiles (65 is the elevation of the field direction in the
GSE coordinate system from Wind), which is important because we are finally interested in
the magnetic reconnection between ICMEs and the Earth’s magnetosphere (Lepping, Wu,
and Berdichevsky, 2005; Zhang and Burlaga, 1988). In Table 2, we qualitatively defined 13
different ICME types (Lepping et al., 2006). Figure 6 shows an example of the B, -profiles
for these ICMEs types. In Figure 6 a—g, these types of ICMEs with long-lasting southward
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Table2 Types and number of ICMEs.

Category Definition Number
Solar Cycle 23 Solar Cycle 24

0 Complex 27 19

N—S 33 27
11 S— N 33 25
2 N — S, mostly N 12 8
12 S — N, mostly S 21 9
3 Almost all N 31 30
13 Almost all S 33 33
4 AlIN 28 12
14 All S 21 15
5 N — S, mostly S 20 13
15 S — N, mostly N 12 6
6 N—-S—>N 9 12
16 S—>N-—>S 14 5
Total number 294 214

Category 0: The direction of B; changes several times.

Category 1 (Category 11): B; can be divided into two parts with roughly the same time scale, the first part is
the northward (southward) magnetic field, and the second part is the southward (northward) magnetic field.

Category 2 (Category 12): B; can be divided into two parts with different time scales. The first part is the
northward (southward) magnetic field with large time scale, and the second part is the southward (northward)
magnetic field with small time scale.

Category 3 (Category 13): B; is almost entirely northward (southward).
Category 4 (Category 14): B; is all northward (southward).

Category 5 (Category 15): B; can be divided into two parts with different time scales. The first part is the
northward (southward) magnetic field with small time scale, and the second part is the southward (northward)
magnetic field with large time scale.

Category 6 (Category 16): B; can be divided into three parts with roughly the same time scale. The first part
is the northward (southward) magnetic field, the second part is the southward (northward) magnetic field, and
the third part is the northward (southward) magnetic field.

magnetic field are called the most geoeffective ICMEs; due to the rotation of the magnetic
field, the electromagnetic coupling between these ICMEs and the Earth’s magnetosphere is
expected to be the most geoeffective. We consider them to be important sources of geomag-
netic storms, in Sections 3.3 we only compare the parameters of these eight types of [CMEs.
During Solar Cycle 23, there were 184 ICME:s in these eight categories, of which 93 were
[-ICMEs and 68 were M-ICMEs, while there were only 139 in Solar Cycle 24, of which 94
were I-ICMEs and 25 were M-ICMEs. Although they differ greatly in number, the propor-
tion of I-ICMEs and M-ICME:s in both solar cycles is very similar (64.6% for I-ICMEs and
62.4% tor M-ICMEs in Solar Cycle 23, and 66.7% for I-ICMEs and 64.1% for M-ICMEs
in Solar Cycle 24). The number of the most geoeffective [-ICME:s in the two solar cycles is
basically the same, but the number of the most geoeffective M-ICMEs in Solar Cycle 23 is
more than twice that in Solar Cycle 24. In addition, we also compared the number of ICMEs
with N — S (including categories 1, 2, 5) and S — N (including categories 11, 12, 15) in
Solar Cycles 23 and 24. We found that no matter in which solar cycle, the number of ICMEs
with N — S and S — N is basically the same.
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Figure 6 An example of B;-profiles for 13 ICME types. Panels a—g show that the ICME has a long-lasting
southward magnetic field, known as the most geoeffective ICMEs.

3.2. Total Magnetic Flux, Radius, and Axial Magnetic Field Intensity

In order to verify that the size of ICMEs of Solar Cycle 24 is smaller than that of Solar Cycle
23 (Gopalswamy et al., 2015a) and to avoid that the ICME width calculated by local single-
point observation may have different results, depending on the satellite passing through
different parts of the ICMEs, we used the model proposed by Wang et al. (2015) to calculate
the radius of the ICMEs. Then, we compared the radius (R) of I-ICMEs for Solar Cycles
23 and 24, in addition to their total magnetic flux (®,) and axial magnetic field intensity
(By). Table 3 shows their average and median values and Figure 7 shows their distributions.
From Table 3, we found that the total magnetic flux and radius of I-ICMEs in Solar Cycle 23
were greater than those in Solar Cycle 24 and the axial magnetic field intensity in these two
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Table 3 Comparison of the results of some ICMEs parameters in Solar Cycles 23 and 24.

Average values Median values

SC 23 SC 24 ratio SC 23 SC 24 ratio
SN 78.82 4951 0.63 / / /
®; (102! Mx) 4.16 2.67 0.64 2.80 1.92 0.69
R (AU 0.095 0.072 0.75 0.080 0.064 0.80
By (nT)! 16.46 15.67 0.95 13.66 1425 1.04
|Blave (Tl 11.17 9.82 0.88 10.14 8.87 0.87
Bsmax (nT)H 11.71 8.80 0.75 9.53 8.04 0.84
Vave (km s~ il 458.15 405.68 0.89 441.46 390.99 0.89
|Blave (nD 13.54 10.26 0.76 10.70 8.57 0.80
Bsmax (nT)iil 15.41 11.67 0.76 11.35 8.20 0.72
Vave (km s~ hHiil 489.30 457.88 0.94 471.14 403.17 0.86

SC: solar cycle.

SN': sunspot number.

®;: the [[ICME total magnetic flux.

R: the I-ICME radius.

By: the I-ICME axial magnetic field intensity.

| Blave: the average value of total magnetic field intensity of the most geoeffective categories of ICMEs.

Bsmax: the maximum value of south magnetic field intensity of the most geoeffective categories of ICMEs.

Vave: the average propagation speed of the most geoeffective categories of ICMEs.

IICME parameters obtained by fitting.

liparameters derived from the most geoeffective categories in I-ICMEs.

iiiparameters derived from the most geoeffective categories in M-ICMEs.
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Figure 7 Distribution of the total magnetic flux, radius, and axial magnetic field intensity. The solid blue
line in the figure represents Solar Cycle 23, while the red line represents Solar Cycle 24. The CCDF is a
complementary cumulative distribution function and the P-value is the result of the KS test.

cycles had little difference. From Figure 7, we can see the following. 1) The complementary
cumulative distribution function (CCDF) of the total magnetic flux of I-ICMEs in Solar
Cycle 23 is almost above the CCDF of the total magnetic flux of I-ICMEs in Solar Cycle
24 and so is the radius, but the CCDF of the axial magnetic field intensity is entangled.
This means that there are more I-ICMEs with larger total magnetic flux and larger radius in
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Figure 8 Relationship between total magnetic flux, radius, and axial magnetic field intensity.

Solar Cycle 23 than in Solar Cycle 24. 2) The total magnetic flux and radius of I-ICMEs in
Solar Cycles 23 and 24 come from different distribution functions (P-values are 0.064 and
0.036, respectively). 3) The shape of the [[ICME:s total magnetic flux distribution curves for
Solar Cycles 23 and 24 is similar, which indicates that the total magnetic flux carried by
the ejected CMEs during Solar Cycle 23 is generally a fixed value larger than during Solar
Cycle 24. We also discussed the correlation between the total magnetic flux, radius, and
axial magnetic field intensity, as shown in Figure 8. Figure 8 shows that the total magnetic
flux has a good correlation with the radius square (r = 0.70), while the linear correlation
with the axial magnetic field intensity is weak (r = 0.36). It indicates that I-ICMEs with
high total magnetic flux tend to have larger radius, although there is a lot of uncertainty in
their axial magnetic field intensities. Panel ¢ shows that the axial magnetic field intensity has
almost no correlation with the radius square (r = —0.09). This indicates that the magnitude
of the axial magnetic field carried by the ICMEs is independent of the radius of the ICME:s.
This suggests that the weak magnetic field of ICMEs at 1 AU in Solar Cycle 24 is not caused
by the size of the radius of the ICME:s.

3.3. Magnetic Field Strength, Speed, and Dst

Similarly, we also compared the total magnetic field intensity (average value) and the south-
ward magnetic field intensity (maximum) of [-ICMEs and M-ICME:s in Solar Cycles 23 and
24, as shown in Figure 9. We conclude from Table 3 and Figure 9 that for most CME events
in Solar Cycles 23 and 24, there is no difference between the total magnetic field and the
strength of the southward magnetic field of ICMEs (I-ICMEs and M-ICMEs). Even though,
there are more I-ICMEs and M-ICMEs events with stronger southward magnetic field in
Solar Cycle 23. The extreme value of the maximum southward magnetic field carried by
ICME:s in Solar Cycle 23 is much larger than that in Solar Cycle 24. This is the reason
for the difference between the mean values of the total magnetic field and the southward
magnetic field in the two solar cycles.

In addition, we also compared the propagation speed of [-ICMEs and M-ICMEs in Solar
Cycles 23 and 24 in Table 3 and Figure 10. Figure 10 shows the propagation speed distri-
bution of different types of ICME:s in the two solar cycles. It is not surprising to find that
the propagation speed of ICMEs in Solar Cycle 23 is faster than that in Solar Cycle 24.
The distribution of speeds also had a significant difference (P-values are 0.0044 and 0.0166,
respectively). Interestingly, the [[ICME speed distribution curves of Solar Cycles 23 and 24
are similar in shape, which reflects that the overall [-ICME propagation speeds of Solar Cy-
cle 23 are a certain value larger than those of Solar Cycle 24. The difference in propagation
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speed distribution should be caused by the slower speed of the background solar wind in
Solar Cycle 24 (Gopalswamy et al., 2015a,b). Figure 11 shows the change of background
solar wind speed (according to the time in the ICME list, the background solar wind speed
is calculated after removing the ICMEs) from 1996 to 2019. We found that the background
solar wind speed of Solar Cycle 23 is faster than that of Solar Cycle 24 (the average values
of the two cycles are 440.10 km s~! and 412.51 km s~!, respectively), which is consistent
with the study of Hajra et al. (2021). In addition, the white light CME speed distributions
in Solar Cycles 23 and 24 are similar (Gopalswamy et al., 2014; Gopalswamy, Tsurutani,
and Yan, 2015). These two points explain why ICMEs in Solar Cycle 24 travel slowly. In
general, the speed of the CMEs at 1AU is significantly affected by the speed of the back-
ground solar wind (Case et al., 2008; Owens, Lockwood, and Barnard, 2020; Temmer et al.,
2011; Gopalswamy et al., 2001). The resistance of ICMEs during propagation is propor-
tional to the square of the speed difference between ICMEs and the solar wind (Vr$nak and
Zic, 2007). There is a greater speed difference in Solar Cycle 24, which indicates that the
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propagation of CME:s is subject to greater resistance, which also explains why the speed of
ICMEs in Solar Cycle 24 is lower.

Dstyin is related to the southward magnetic field and propagation speed of ICMEs:
Dstiin = —0.01Bs5,,4:V — 32 nT (Gopalswamy, 2008). So we compared the distribution
of BsV of [[ICMEs and M-ICMEs, as shown in Figure 12, and counted the number (and
frequency) of geomagnetic storms caused by these ICMEs, as shown in Table 4. Figure 12
shows the distribution of Bs,,,,V in Solar Cycles 23 and 24 for I-ICME and M-ICMEs,
respectively. According to the P-value of the KS test, the Bs,,,, V parameters for [-ICMEs
in Solar Cycles 23 and 24 come from two different distribution functions, while the Bs,,,, V
parameters for M-ICMEs come from the same distribution. D,,;; o is the critical value of
the KS test method at the significance level «, then, due to different number of I-ICMEs
and M-ICMEs during the two solar cycles (93 and 94 I-ICMEs and 68 and 25 M-ICMEs,
during Solar Cycles 23 and 24, respectively), the calculated critical value D,,;; o is different

(Deriro = \/ —In(%) x 3 x \/ 13114 1) s values are 0.179 and 0.286 in I-ICMEs and M-

ny3xna4’

ICMEs, respectively). The smaller the D, o is, the more likely it is that the P-value is less
than 0.1. This is why the M-ICME images look different, but according to the KS test there
is no significant difference in the distribution. From this figure, we can see that the B, V
range of ICMEs (I-ICMEs and M-ICMEs) in Solar Cycle 23 is much wider than in Solar
Cycle 24, which indicates that the strongest geomagnetic storm in Solar Cycle 23 is indeed
stronger than that of Solar Cycle 24, and the probability of a strong geomagnetic storm is
greater.

Table 4 shows the number of moderate, strong, and extremely strong geomagnetic storms
associated with [-ICMEs and M-ICME:s in Solar Cycles 23 and 24. The total number of I-
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Table 4 The number (and frequency) of geomagnetic storms associated with I-ICMEs and M-ICMEs.

I-ICMEs

ICME number Moderate Strong Extremely strong Total
SC23 93 28 (30.1%) 23 (24.7%) 4 (4.3%) 55 (59.1%)
SC 24 94 26 (27.7%) 8 (8.5%) 0 (0.0%) 34 (36.2%)
Ratio 0.99 1.08 2.88 — 1.62

M-ICMEs

ICME number Moderate Strong Extremely strong Total
SC 23 68 8 (11.8%) 19 (27.9%) 7 (10.3%) 34 (50.0%)
SC24 25 4 (16.0%) 3 (12.0%) 2 (8.0%) 9 (36.0%)
Ratio 2.72 2 6.33 35 3.78

Moderate: —100 nT < Dstyip < —50 nT
Strong: —200 nT < Dstpi, < —100 nT
Extremely strong: Dstyi, < —200 nT

ICME:s that caused geomagnetic storms in Solar Cycles 23 and 24 is 34 and 55, respectively,
as shown in Table 4. Between the two cycles, there are not many differences in the overall
number of I-ICMEs or the number of I-ICMEs that caused moderate geomagnetic storms.
Solar Cycle 24 has a significantly lower number and percentage of I-ICMEs that generate
strong and extremely strong geomagnetic storms than Solar Cycle 23. In terms of M-ICMEs,
Solar Cycle 24 has fewer M-ICMEs events (25) than Solar Cycle 23, which had 68 M-
ICME:s. Despite the fact that the proportion of M-ICMEs that cause both moderate and
extremely strong geomagnetic storms is nearly equal. The number of geomagnetic storms
caused by M-ICME:s is significantly lower in Solar Cycle 24 than in Solar Cycle 23.

4. Discussion and Conclusions

In this work, we used the ICME catalogue form 1996 to 2019 to compare the number and key
parameters (total magnetic field strength, southward magnetic field strength, propagation
speed) of ICMEs in Solar Cycles 23 and 24. We also used the velocity-modified cylindrical
force-free flux rope model to fit [[ICMEs of Solar Cycles 23 and 24, and compared the total
magnetic flux, radius and axial magnetic field intensity in the fitting parameters. The main
results are summarized below.

1. While the number of I-ICME:s in Solar Cycle 23 is comparable to that in Solar Cycle
24, the number of M-ICMEs in Solar Cycle 23 is nearly three times higher than that
in Solar Cycle 24. In the two solar cycles, the number of I-ICMEs and M-CME:s that
are the most geoeffective is equal in proportion to the total number of I-ICMEs and M-
ICMEs. The number of ICMEs with N — S and S — N is basically the same whether
in Solar Cycle 23 or Solar Cycle 24.

2. At 1 AU, the total magnetic flux and radius of I-ICMEs in Solar Cycle 23 are signifi-
cantly greater than those in Solar Cycle 24, while the axial magnetic field intensity is
basically the same. Gopalswamy et al. (2015a) studied magnetic cloud events in the first
73 months of Solar Cycles 23 and 24 and found that the average size of magnetic clouds
in Solar Cycle 24 was 23% smaller than in Solar Cycle 23. The time period studied in
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our study is 1996-2019, which is longer than Gopalswamy et al. (2015a), but the ob-
tained conclusions are consistent. The total magnetic flux has a good correlation with
the square of the radius (r = 0.70), while it has a weak correlation with the axial mag-
netic field strength (r = 0.36). The axial magnetic field intensity is almost independent
of the square of the radius (r = —0.09). This suggests that the weak magnetic field of
ICME:s at 1 AU in Solar Cycle 24 is not caused by the radius of the ICMEs.

3. For both I-ICMEs and M-ICMEs, there are no significant differences in the distribution
of the maximum southward magnetic field intensity and the total magnetic field intensity
during Solar Cycles 23 and 24. However, the speed distribution of I-ICMEs and M-
ICME:s shows a significant difference between the two cycles.

4 In Solar Cycles 23 and 24, the probability of M-ICMEs and I-ICMEs causing mod-
erate geomagnetic storms is not significantly different, but the probability of strong
geomagnetic storms caused by both [-ICMEs and M-ICMEs is very different. During
Solar Cycle 23, the probability of [-ICMEs and M-ICMEs causing strong geomagnetic
storms was 24% and 29%, respectively, while during Solar Cycle 24, the probability of
[-ICMEs and M-ICMEs causing strong geomagnetic storms was 8% and 13%, respec-
tively. This indicates that the geoeffectiveness of [-ICMEs and M-ICME:s in Solar Cycle
24 is weaker than those in Solar Cycle 23.

Based on the previous comparison and analysis, we believe that the reasons for the weaker
geomagnetic activity in Solar Cycle 24 from the perspective of ICMEs are as follows. 1)
For I-ICMEs, the number of I-ICMEs in Solar Cycles 23 and 24 is basically the same,
but the total number of geomagnetic storms varies greatly. This may be due to the slower
propagation speed of I-ICMEs and the lack of strong southward magnetic fields in Solar
Cycle 24, which makes I-ICMEs to have weaker geoeffectiveness, resulting in a lower num-
ber of strong geomagnetic storms (—200 nT < Dsty, < —100 nT). The lack of extremely
strong southward magnetic field events in [-ICMEs leads to no extremely strong geomag-
netic storms (Dstp;, < —200 nT). ii) For M-ICME:s, the number of M-ICME:s in Solar Cycle
23 is almost three times that in Solar Cycle 24 and the total number and probability of ge-
omagnetic storms vary greatly. The smaller number of M-ICMEs in Solar Cycle 24 leads
to a corresponding decrease in the number of moderate and extremely strong geomagnetic
storms. M-ICMEs have lower propagation speed and weaker southward magnetic field dur-
ing the Solar Cycle 24, resulting in fewer strong geomagnetic storms. In the study of Gopal-
swamy et al. (2014), they concluded that the decrease in the number of geomagnetic storms
is caused by a decrease in the number of energetic coronal mass ejections and a lack of a
large Bs component of the interplanetary magnetic field. Gopalswamy et al. (2015a) found
that the sharp decrease in V Bs may be the main reason for the similar decrease in geomag-
netic storm intensity during the Solar Cycle 24. The decrease in speed and Bs resulted in a
decrease in V Bs. Hajra et al. (2021) concluded that the decrease of interplanetary magnetic
field, solar wind plasma speed, and solar wind magnetosphere energy coupling led to the
lowest number of geomagnetic storms in Solar Cycle 24. Our results confirm the conclu-
sions obtained from this work.
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